Nanoparticles (NPs) are important tools for biology and medicine.^[@ref1]−[@ref7]^ Current applications include gold NPs for photothermal cancer therapy,^[@ref8]−[@ref10]^ quantum dots for cellular imaging and sensing,^[@ref5]−[@ref7]^ and spherical nucleic acid NPs for gene regulation.^[@ref11]−[@ref13]^ In the course of these applications, NPs are exposed to a complex mixture of extracellular proteins.^[@ref14]−[@ref16]^ These proteins adsorb onto the surface of NPs forming a protein layer or "corona" on the NP surface.^[@ref17]−[@ref24]^ Poly(ethylene glycol) (PEG) can reduce, but not eliminate, the formation of a corona.^[@ref25]−[@ref27]^ The interaction between adsorbed extracellular proteins, NPs, and cells is a complex problem, as the adsorbed proteins control the interaction of NPs with cells,^[@ref17],[@ref28]−[@ref31]^ but the NP itself changes the structure of the protein.^[@ref31]−[@ref36]^ We describe a comprehensive study that relates the structure of proteins adsorbed on the NP surface to the cellular receptors used by the protein--NP complex, providing a molecular foundation for the design of NPs for applications in biology and medicine.

The protein corona controls the cellular interaction of the NP by determining the cell surface receptor to which the protein--NP complex binds.^[@ref17],[@ref30],[@ref37]−[@ref39]^ The cell surface receptor then directs the internalization and intracellular transport of the NP,^[@ref28],[@ref29],[@ref40]−[@ref42]^ as well as the immune response.^[@ref41]−[@ref44]^ The interaction between blood serum proteins, NPs, and cell surface receptors is especially important for NP targeting, as the protein corona can mask the targeting capabilities of the NP. For example, Dawson et al. observed that transferrin-coated NPs are recognized by the transferrin receptor in an isolated in vitro system.^[@ref45]^ However, in the presence of serum proteins, targeting capabilities are lost as the transferrin on the NPs is masked by the adsorption of serum proteins.

Previous work has characterized the composition of the protein corona as a function of NP material, surface modification, and time.^[@ref18],[@ref21]−[@ref24],[@ref36]−[@ref38],[@ref46],[@ref47]^ Following exposure to blood serum proteins, the protein corona is dominated by albumin,^[@ref17]−[@ref19],[@ref37],[@ref38],[@ref46],[@ref48],[@ref49]^ the most abundant protein in serum (55%).^[@ref14]−[@ref16]^ Less-abundant proteins such as apolipoproteins, fibrinogen, and immunoglobulins can also participate.^[@ref21],[@ref27],[@ref46],[@ref48],[@ref50]^ The composition of the protein corona changes over time as distinct serum proteins bind to NP surfaces with a range of association strengths and rate constants.^[@ref19],[@ref49],[@ref50]^

In addition to corona composition, the other, equally important, aspect to consider is the structure of the proteins adsorbed on the NP. Adsorption of proteins on surfaces,^[@ref51]−[@ref53]^ including NPs,^[@ref31]−[@ref36],[@ref43],[@ref54],[@ref55]^ will alter the structure of the protein, often leading to a partial denaturation. For example, lysozyme and chymotrypsin lose secondary structure and activity upon adsorption to 10 nm gold NPs and cytochrome *c* is disrupted upon binding to sulfonated polystyrene NPs and magnetic NPs.^[@ref56]−[@ref58]^ However, not all proteins are disrupted by adsorption onto NPs. A comparison of chymotrypsin and cytochrome *c* adsorbed onto 7 nm gold NPs showed that while the structure of chymotrypsin was disrupted, cytochrome *c* retained its secondary structure.^[@ref59]^ In the case of albumin, previous work has shown the disruption of secondary structure following adsorption to silver NPs,^[@ref36],[@ref60]^ zinc oxide NPs,^[@ref61]^ gold NPs,^[@ref62],[@ref63]^ and gold nanorods.^[@ref63]^

To unravel the relationship between the structure of the corona proteins and the cell surface receptors used by the protein--NP complex, we characterized a model system of anionic, carboxylate-modified and cationic, amine-modified polystyrene NPs with similar diameters. Bovine serum albumin (BSA) adsorbs onto the surface of both anionic and cationic NPs, resulting in nearly identical net anionic BSA--NP complexes. Although the same protein forms the corona, the BSA--NP complexes bind to different cellular receptors. BSA--NP complexes formed with anionic NPs bind to native protein receptors, while BSA--NP complexes formed with cationic NPs bind to scavenger receptors. Given that the same protein results in two different cellular outcomes, this provides an ideal system to probe the relationship between protein structure and cell surface receptors. Using circular dichroism (CD) spectroscopy, we determined that the native structure of BSA is retained after binding to anionic NPs, while BSA structure is disrupted following incubation with cationic NPs. Isothermal titration calorimetry (ITC) was used to determine equilibrium association constants, enthalpy of adsorption, and binding stoichiometry. Fluorescence quenching experiments support the trends observed with ITC. As all NPs in a physiological environment are likely to acquire some extent of protein corona, it is important to understand how the protein corona will control the interaction of the NP with the cell.^[@ref64]−[@ref66]^ Our studies illustrate the relationship between serum protein secondary structure, NPs, and cell surface receptors, providing a foundation for rational targeting of diagnostic and therapeutic NPs.

Results {#sec2}
=======

Experiments were carried out using polystyrene NPs with either an anionic, carboxylate-modified or cationic, amine-modified surface (Table [1](#tbl1){ref-type="other"}). We used fluorescent NPs for fluorescence microscopy and flow cytometry experiments. Dark, nonfluorescent NPs were used for experiments in which the NP fluorescence would interfere with the measurement. We use the diameter supplied by the manufacturer, which can differ from the hydrodynamic diameter depending on characterization method, to denote the NP throughout the text. Adsorption of proteins onto both anionic and cationic NPs has been observed previously by our group and others.^[@ref17],[@ref20]−[@ref24],[@ref28],[@ref29],[@ref37],[@ref38]^ Gel electrophoresis and dynamic light scattering experiments confirm that BSA--NP complexes are formed from both anionic and cationic NPs (Figures S1, S2, and S3 of the [Supporting Information](#notes-1){ref-type="notes"}). Importantly, BSA--NP complexes formed with anionic and cationic NPs have identical corona compositions and surface charges (−18.5 mV and −19.0 mV, respectively, Figure S2 of the [Supporting Information](#notes-1){ref-type="notes"}).

###### Hydrodynamic Diameter (*d*~h~) and Zeta Potential (ZP) of the NPs Used in the Course of Experiments

                NPs            *d*~h~ (nm)   ZP (mV)
  ------------- -------------- ------------- --------------
  fluorescent   93 nm COOH     102.5 ± 1.6   --30.1 ± 5.4
                87 nm NH~2~    152.7 ± 3.2   39.2 ± 3.6
                200 nm COOH    236.2 ± 3.3   --31.0 ± 1.6
                200 nm NH~2~   270.1 ± 9.3   19.9 ± 3.4
  dark          60 nm COOH     64.1 ± 1.4    --39.8 ± 3.9
                58 nm NH~2~    63.4 ± 1.2    40.3 ± 4.0

Fluorescence Microscopy Shows that BSA--NP Complexes Formed from Anionic and Cationic NPs Bind to Distinct Cellular Receptors {#sec2.1}
-----------------------------------------------------------------------------------------------------------------------------

Cells are commonly cultured in a buffered solution, such as minimum essential medium (MEM), containing inorganic salts, amino acids, and vitamins. The medium is supplemented with serum proteins, typically fetal bovine serum (FBS). Since our goal was to observe molecular-level effects, we used isolated BSA for the majority of experiments. Fluorescent NPs were incubated with monkey kidney epithelial (BS-C-1) cells in MEM or in MEM supplemented with 10 mg mL^--1^ BSA. This concentration of BSA is approximately equal to the total protein concentration used in typical cell culture ([Materials and Methods](#sec5){ref-type="other"}). Cellular binding studies were carried out at 4 °C, which allows NP binding to the cell surface but blocks cellular internalization of the NPs.^[@ref67]−[@ref70]^ For the anionic, carboxylate-modified NPs, we observed NP binding in MEM (Figure [1](#fig1){ref-type="fig"}A). The addition of BSA significantly inhibited NP binding. Interestingly, we observe the opposite trend for the cationic, amine-modified NPs. Minimal cellular binding was observed in MEM, while BSA enhances cationic NP binding (Figure [1](#fig1){ref-type="fig"}B). Similar results were observed for Chinese hamster ovary (CHO) cells, indicating that this trend is independent of cell type (Figure S4 of the [Supporting Information](#notes-1){ref-type="notes"}).

![Fluorescence microscopy images show cellular binding of NPs (green) in MEM and MEM supplemented with 10 mg mL^--1^ BSA (MEM + BSA) to monkey kidney epithelial cells (BS-C-1) at 4 °C. (A) 93 nm carboxylate-modified NPs. (B) 87 nm amine-modified NPs. Nuclei are stained with DAPI (blue).](jp-2014-02624n_0002){#fig1}

Cellular Binding Competition Studies Identify the Cellular Receptors used by BSA--NPs {#sec2.2}
-------------------------------------------------------------------------------------

Cellular binding of the anionic, carboxylate-modified NPs was inhibited by BSA (Figure [1](#fig1){ref-type="fig"}A), suggesting that BSA--NP complexes formed from anionic NPs compete with BSA for binding to the native albumin receptor. To test this hypothesis, we carried out cellular binding competition studies with increasing concentrations of BSA. Using flow cytometry as a high-throughput, quantitative measure of cellular binding, we observe decreased BSA--NP binding in the presence of increasing concentrations of BSA (Figure [2](#fig2){ref-type="fig"}A). At a BSA concentration of 10 mg mL^--1^, similar to the concentration used in cell culture, BSA--NP binding was reduced to 32% relative to 100% in the absence of BSA. This supports the hypothesis that BSA--NPs formed from anionic NPs bind to native albumin receptors on the cell surface.

Previous studies have shown that some NPs and protein--NP complexes bind to scavenger receptors,^[@ref11],[@ref37],[@ref40]^ specifically scavenger receptors with an affinity for modified albumins.^[@ref71]−[@ref73]^ To determine if the BSA--NPs formed from cationic NPs bind to scavenger receptors, we carried out competition studies in the presence of both fucoidan (Figure [2](#fig2){ref-type="fig"}B) and polyinosinic acid (Figure [2](#fig2){ref-type="fig"}C), known competitors for scavenger receptors.^[@ref72]^ Increasing concentrations of fucoidan and polyinosinic acid both led to decreased cellular binding of the BSA--NP complexes, although fucoidan was a stronger competitor (11% binding at 2500 μg mL^--1^ compared to 25%). As a control, we measured cellular binding of BSA--NPs formed from cationic NPs in the presence of polyadenylic acid (Figure [2](#fig2){ref-type="fig"}D). Polyadenylic acid has a similar structure to polyinosinic acid but is not a competitor for scavenger receptors.^[@ref74]^ We did not observe competition in the presence of polyadenylic acid (88% binding compared to a control normalized to 100%).

![Identification of cell surface receptors using cellular binding competition assays measured with flow cytometry. (A) Cellular binding of 93 nm anionic, carboxylate-modified NPs in MEM with increasing concentrations of BSA. (B) Cellular binding of 87 nm cationic, amine-modified NPs in MEM supplemented with 10 mg mL^--1^ BSA with increasing concentrations of fucoidan. (C) Cellular binding of 87 nm cationic, amine-modified NPs in MEM supplemented with 10 mg mL^--1^ BSA with increasing concentrations of polyinosinic acid. (D) Control experiments show cellular binding of 87 nm amine-modified NPs in the presence of polyadenylic acid (PolyA) and the autofluorescence from cells in the absence of NPs (cells only, error bar is too small to see).](jp-2014-02624n_0003){#fig2}

Protein Secondary Structure in the Presence of Anionic and Cationic NPs {#sec2.3}
-----------------------------------------------------------------------

The same protein binding to different cell surface receptors, especially scavenger receptors, suggests a structural difference in BSA following adsorption on the anionic and cationic NPs. We used circular dichroism (CD) spectroscopy to probe the structure of BSA following incubation with dark, nonfluorescent, polystyrene NPs. For isolated BSA, a primarily α-helix protein, the far-UV CD spectrum contains a positive band at 195 nm and two negative bands at 208 and 222 nm (Figure [3](#fig3){ref-type="fig"}A), in good agreement with previous CD measurements.^[@ref75],[@ref76]^ Incubation with 60 nm anionic, carboxylate-modified NPs shows little change in the CD spectrum (Figure [3](#fig3){ref-type="fig"}A). In comparison, incubation with 58 nm cationic, amine-modified NPs results in more positive mean residue ellipticity (MRE) values, indicating a loss in protein secondary structure (Figure [3](#fig3){ref-type="fig"}A). CD difference spectra were calculated by subtracting the spectrum of BSA alone from the spectrum of BSA in the presence of NPs (Figure [3](#fig3){ref-type="fig"}B). The difference spectra reveal a larger change in BSA secondary structure in the presence of cationic, compared to anionic, NPs. We observe similar results for BSA in the presence of 200 nm NPs (Figure S5 of the [Supporting Information](#notes-1){ref-type="notes"}). Percent α-helicity was calculated using the CD peak at 208 nm (Table [2](#tbl2){ref-type="other"}, [Materials and Methods](#sec5){ref-type="other"}). The α-helicity of BSA alone was 65%, consistent with previous reports.^[@ref77],[@ref78]^ For BSA in the presence of the 58 and 200 nm cationic, amine-modified NPs, a loss in α-helicity was observed (48% and 37%, respectively). For BSA in the presence of 60 nm anionic, carboxylate-modified NPs, a slight increase in α-helicity to 71% was observed. For the 200 nm carboxylate-modified NPs, there was little change (63%).

Thermodynamic Parameters of BSA Adsorption on NPs using Isothermal Titration Calorimetry (ITC) {#sec2.4}
----------------------------------------------------------------------------------------------

The equilibrium association constant, enthalpy, and binding stoichiometry of BSA adsorbed on NPs was determined using ITC (Figure [4](#fig4){ref-type="fig"} and Figures S6 and S7 of the [Supporting Information](#notes-1){ref-type="notes"}).

![CD spectra of BSA in the presence of 60 nm carboxylate-modified NPs (red), 58 nm amine-modified NPs (blue), and in the absence of NPs (black). Spectra, in units of mean residue ellipticity (MRE), are the average of 10 consecutive scans. (A) Raw CD spectra. (B) CD difference spectra were calculated by subtracting the spectrum of BSA from BSA in the presence of 60 nm carboxylate-modified (red) or 58 nm amine-modified NPs (blue). Black dashed lines correspond to spectral peaks at 195, 208, and 222 nm. Similar results were obtained for 200 nm NPs (Figure S5 of the [Supporting Information](#notes-1){ref-type="notes"}).](jp-2014-02624n_0004){#fig3}

###### Percent α-Helicity as a Function of NP Size and Charge

  sample               \% α-helix
  -------------------- ------------
  BSA                  65
  BSA + 60 nm COOH     71
  BSA + 58 nm NH~2~    48
  BSA + 200 nm COOH    63
  BSA + 200 nm NH~2~   37

An independent site model was used to fit the integrated titration curves and extract thermodynamic parameters (Table [3](#tbl3){ref-type="other"}, [Materials and Methods](#sec5){ref-type="other"}). The association constant was nearly an order of magnitude higher for BSA adsorbed on anionic NPs with *K*~a~ values of 2.4 ± 0.9 × 10^5^ M^--1^ and 4.0 ± 0.5 × 10^4^ M^--1^ for 60 nm anionic, carboxylate-modified and 58 nm cationic, amine-modified NPs, respectively. The enthalpy of BSA binding to the 60 nm carboxylate-modified (−1.4 ± 0.4 × 10^4^ kJ mol^--1^) and 58 nm amine-modified NPs (−1.4 ± 0.7 × 10^4^ kJ mol^--1^) was almost identical. A significantly greater number of BSA molecules adsorbed onto the surface of the 60 nm carboxylate-modified NPs (871 ± 21 proteins per NP) compared to the 58 nm amine-modified NPs (27 ± 8 proteins per NP), although this is likely an underestimate for the 58 nm NPs due to dimerization of these NPs under these conditions (Figure S8 of the [Supporting Information](#notes-1){ref-type="notes"}). The percent coverage, relative to a monolayer of 100%, was calculated assuming BSA binds end-on, maximizing the number of BSA molecules in a monolayer.^[@ref22],[@ref79]^ The coverage of BSA on the 60 nm carboxylate-modified NPs was 230 ± 6%, compared with 8 ± 2% on the 58 nm amine-modified NPs.

Fluorescence Spectroscopy of BSA in the Presence of Anionic and Cationic NPs {#sec2.5}
----------------------------------------------------------------------------

Fluorescence spectroscopy was used as a complementary technique to measure equilibrium association constants by monitoring the quenching of tryptophan at ∼340 nm (Figure [5](#fig5){ref-type="fig"}A).^[@ref80]−[@ref82]^ The ratio of fluorescence intensities in the absence and presence of NPs were plotted versus NP concentration in a Stern--Volmer plot (Figure [5](#fig5){ref-type="fig"}B). As the plots were nonlinear at higher NP concentrations, the first four points were used for a linear fit to extract an effective *K*~SV~, equivalent to an effective *K*~a~ ([Materials and Methods](#sec5){ref-type="other"}). For BSA in the presence of 60 nm carboxylate-modified NPs, the effective *K*~a~ is 1.8 ± 0.1 × 10^9^ M^--1^, compared to the 58 nm amine-modified NPs with an effective *K*~a~ of 7.7 ± 0.1 × 10^8^ M^--1^.

![Isothermal titration calorimetry (ITC) plots of differential power throughout the titration (top) and integrated heat as a function of the mole ratio of BSA adsorbed on NPs (bottom). The heat of dilution of BSA into buffer (Figure S6 of the [Supporting Information](#notes-1){ref-type="notes"}) was subtracted for each injection from the heat of BSA titrated into a NP solution. (A) BSA titrated into a solution of 60 nm carboxylate-modified NPs. (B) BSA titrated into a solution of 58 nm amine-modified NPs. Raw data plotted in the TA Instruments software, NanoAnalyze, is shown in Figure S7 of the [Supporting Information](#notes-1){ref-type="notes"}.](jp-2014-02624n_0005){#fig4}

###### Thermodynamic Parameters of BSA Adsorption to NPs

  NP            *K*~a~ (10^5^ M^--1^)   Δ*H* (10^4^ kJ mol^--1^)   proteins/NP   \% coverage
  ------------- ----------------------- -------------------------- ------------- -------------
  60 nm COOH    2.4 ± 0.9               --1.4 ± 0.4                871 ± 21      230 ± 6%
  58 nm NH~2~   0.40 ± 0.05             --1.4 ± 0.7                27 ± 8        8 ± 2%

![(A) Raw fluorescence spectra of BSA in the presence of 60 nm carboxylate-modified NPs (red), 58 nm amine-modified NPs (blue), and in the absence of NPs (black). The black dashed line at 340 nm corresponds to the emission from tryptophan residues in BSA. (B) Stern--Volmer plot of BSA quenching in the presence of increasing concentrations of NPs. The contribution from NPs alone and buffer were subtracted, and initial emission at 250 nm was set to zero. The solid lines correspond to an exponential fit of the raw data. Dashed lines are the initial slope used to calculate an effective equilibrium constant (eq [3](#eq3){ref-type="disp-formula"}).](jp-2014-02624n_0006){#fig5}

Discussion {#sec3}
==========

NPs used in any biological application are exposed to a complex mixture of extracellular proteins that form a protein corona on the NP surface.^[@ref14]−[@ref24]^ Although PEG can reduce corona formation, complete inhibition remains a challenge.^[@ref25]−[@ref27]^ We have characterized the changes in protein secondary structure that result from adsorption of BSA on NP surfaces and then relate these structural changes to the cell surface receptor used by the protein--NP complex.

Although BSA--NP complexes formed with anionic and cationic NPs have identical corona compositions and surface charges (Figures S1 and S2 of the [Supporting Information](#notes-1){ref-type="notes"}), the cellular binding trends are drastically different. Cellular binding of BSA--NP complexes formed with anionic NPs is inhibited by the presence of excess BSA (Figure [1](#fig1){ref-type="fig"}A). In comparison, the cellular binding of complexes formed with cationic NPs is strongly enhanced by BSA (Figure [1](#fig1){ref-type="fig"}B). This difference in binding is independent of cell type, as similar results were obtained for CHO cells (Figure S4 of the [Supporting Information](#notes-1){ref-type="notes"}). The differences in cellular binding suggest that the BSA--NP complexes formed with anionic and cationic NPs bind to different receptors. In a series of cellular binding competition studies, we observe that BSA--NP complexes formed from anionic NPs bind to native albumin receptors (Figure [2](#fig2){ref-type="fig"}A). Albumin has a dedicated receptor on the cell surface as it is an essential blood serum protein.^[@ref83],[@ref84]^ In comparison, BSA--NP complexes formed with initially cationic NPs bind to scavenger receptors (Figure [2](#fig2){ref-type="fig"}, panels B and C). Scavenger receptors are a broad class of receptors that bind modified proteins, polysaccharides, and polyribonucleotides,^[@ref71]−[@ref73],[@ref85],[@ref86]^ as well as NPs and protein--NP complexes.^[@ref11],[@ref40],[@ref71]−[@ref73]^ Schnitzer et al. determined that chemically or structurally modified albumins, including albumin--gold NP complexes, bind preferentially to the glycoprotein scavenger receptors gp30 and gp18 rather than the general class of modified protein receptors.^[@ref71]−[@ref73]^ Mirkin et al. have observed that oligonucleotide-conjugated gold NPs bind to scavenger receptors.^[@ref11],[@ref40]^ Previous results using a complete mixture of FBS showed identical binding trends,^[@ref37]^ demonstrating that this result is not specific to isolated BSA.

Interestingly, for the BSA--NP complexes formed from cationic NPs, we observed that fucoidan is a much stronger competitor than polyinosinic acid (Figure [2](#fig2){ref-type="fig"}, panels B and C). At the highest competitor concentration (2500 μg mL^--1^), BSA--NP binding was 11% in the presence of fucoidan compared to 25% in the presence of polyinosinic acid. It is important to note that this concentration of polyinosinic acid is relatively high compared to previously reported concentrations for cellular binding competition,^[@ref37],[@ref40]^ further confirming that polyinosinic acid is a less efficient competitor. Polyinosinic acid is a competitor for both gp30 and gp18,^[@ref71]−[@ref73]^ as well as the general class of modified protein receptors.^[@ref87]^ In comparison, fucoidan is only a competitor for the gp30 and gp18 receptors.^[@ref71]−[@ref73]^ We propose that BSA--NP complexes formed from the cationic NPs only bind to the receptors for modified albumins, gp30 and gp18, and not the general receptors for modified proteins. This highlights the subtle differences in molecular-level interactions of NPs with cells.

The opposite binding trends observed for BSA--NP complexes formed from anionic and cationic NPs provided an ideal model system to study the effect of protein structure on the cellular receptors used by BSA--NP complexes. We hypothesized that BSA adsorbed on anionic NPs retained its native structure, allowing the BSA--NP complexes to be recognized by the native albumin receptor. BSA adsorbed on cationic NPs was disrupted, likely partially denatured, such that it is no longer recognizable by the native protein receptor and is instead redirected to a scavenger receptor. CD spectra of BSA in the presence of 60 nm anionic NPs show that the secondary structure of BSA is retained (Figure [3](#fig3){ref-type="fig"}). In comparison, there is a loss in α-helicity for BSA in the presence of 58 nm cationic NPs (65% to 48%, Table [2](#tbl2){ref-type="other"}). Similar results were obtained for BSA in the presence of 200 nm NPs (Figure S5 of the [Supporting Information](#notes-1){ref-type="notes"}, Table [2](#tbl2){ref-type="other"}). The greater loss in α-helicity in the presence of the 200 nm NPs is attributed to greater BSA adsorption on the larger NP. Although the decrease in α-helicity appears modest, it should be noted that boiled BSA has a similar percent α-helicity as BSA incubated with carboxylate-modified NPs (71% α-helix, data not shown). This indicates both a significant change in α-helicity for BSA following exposure to cationic NPs, as well as a difference in secondary structure for BSA disrupted by heat denaturation compared to NP exposure. Changes in protein secondary structure can be accompanied by the exposure of new peptide sequences. While epitope exposure and structural changes are difficult to separate, changes in secondary structure are the driving force for both and ultimately determine the cellular receptors used by the protein.

A change in protein secondary structure should be associated with changes in adsorption of the protein on the NP surface. Using ITC (Figure [4](#fig4){ref-type="fig"}), we observe that fewer proteins adsorbed on the cationic, amine-modified NPs (27 ± 8 proteins per NP, compared to 871 ± 21 proteins per NP for anionic NPs). Similar results were obtained for sulfate-modified polystyrene NPs, which showed less than monolayer adsorption of BSA and disruption of the BSA secondary structure.^[@ref78]^ The lower binding stoichiometry is likely due to the loss of the BSA secondary structure. When spread out on the NP surface, fewer BSA molecules can access the surface without an energy cost. This hypothesis is reinforced by the thermodynamic data. The enthalpy of BSA binding to anionic and cationic NPs is identical (−1.4 ± 0.4 × 10^4^ kJ mol^--1^ and −1.4 ± 0.7 × 10^4^ kJ mol^--1^, respectively), which is surprising given that the maximum BSA adsorption to the surface of the 60 nm carboxylate-modified NPs is approximately 30-fold greater than on the 58 nm amine-modified NPs. However, the association of BSA is much stronger on the anionic NP surface (2.4 ± 0.9 × 10^5^ M^--1^ compared with 4.0 ± 0.5 × 10^4^ M^--1^), which we attribute to more energetically favorable packing of native BSA as well as some degree of binding cooperativity. Previous ITC experiments have examined protein adsorption on NPs as a function of protein species and hydrophobicity.^[@ref24],[@ref88]−[@ref90]^ Most similar to our measurements are experiments carried out by Landfester et al. examining BSA adsorption onto ∼200 nm polystyrene NPs.^[@ref24]^ Equilibrium association constants and enthalpies are similar to our results, taking into consideration the variability in ITC measurements. However, 27% coverage was observed for carboxylate-modified NPs and 63% coverage for amine-modified NPs,^[@ref24]^ compared to 230% and 8%, respectively, in our experiments (Table [3](#tbl3){ref-type="other"}). This difference could be due to multiple factors, including differences in NP diameter, pH, buffer, and surface modification ligand. Previous fluorescence correlation spectroscopy measurements showed that the number of human serum albumin proteins adsorbed onto the surface of 10--15 nm cationic and anionic gold NPs were similar.^[@ref91]^ While the difference between the values we obtained with ITC and the fluorescence correlation spectroscopy measurements could be due to NP diameter or surface modification, it should also be noted that fluorescence correlation spectroscopy is insensitive to protein conformation and can only be used to measure the hydrodynamic diameter of NPs with and without a protein corona. These results highlight the difficulty of comparing results obtained with different experimental methods as well as ITC experiments under even slightly different conditions.

As a complementary method to ITC, fluorescence quenching was used to measure equilibrium association constants (Figure [5](#fig5){ref-type="fig"}). The nonlinear Stern--Volmer plot (Figure [5](#fig5){ref-type="fig"}B) is indicative of a selective quenching mechanism.^[@ref82],[@ref92]^ At low NP concentrations, readily accessible tryptophan residues on BSA are quenched uniformly. At higher NP concentrations, the NP has limited access to BSA residues that can be quenched. Lower accessibility of the NP leads to selective quenching. The stronger association of BSA on 60 nm anionic compared to 58 nm cationic NPs was observed in both the ITC and fluorescence spectroscopy data, although the absolute values differ by several orders of magnitude (e.g., *K*~a~ = 2.4 ± 0.9 × 10^5^ M^--1^ with ITC versus 1.8 ± 0.1 × 10^9^ M^--1^ from fluorescence spectroscopy for 60 nm anionic NPs). Thermodynamic parameters are highly sensitive to experimental conditions and, for our experiments, the buffers required to optimize ITC and fluorescence spectroscopy experiments were not identical. While ITC provides a better quantitative measure of the association constant as it is a direct, label-free measurement,^[@ref93]^ the use of multiple methods to confirm thermodynamic parameters is essential.^[@ref26]^ Fluorescence quenching has been used previously to study the adsorption of BSA on gold,^[@ref26],[@ref62]^ silver,^[@ref94]^ and silver--titanium dioxide NPs.^[@ref95]^ Equilibrium binding constants of 10^10^ to 10^11^ were reported for gold, 10^5^ for silver--titanium dioxide, and from 10^10^ to 10^16^ M^--1^ for silver NPs, depending on temperature. The high variability in equilibrium binding constants in the literature could be due to the fluorescence spectroscopy method itself, in addition to the fact that binding strength is highly sensitive to NP material, size, and surface modification.

Conclusions {#sec4}
===========

Our experiments provide a molecular link between the structure of the proteins that comprise the corona and the specific cellular receptors used by the protein--NP complex. We show that changes in protein structure upon adsorption to NPs determine the specific cell surface receptor used by the protein--NP complex. In the case of BSA, protein secondary structure is retained upon adsorption to anionic NPs, allowing the BSA--NP complex to bind to native albumin receptors. The denaturation of BSA following adsorption to cationic NPs directs the BSA--NP complexes to bind to scavenger receptors. These results have important implications for the in vivo targeted delivery of NPs. Beyond merely confirming the presence of a protein corona, it is critical to characterize the structure of the corona proteins.

Materials and Methods {#sec5}
=====================

Nanoparticles (NPs) {#sec5.1}
-------------------

Polystyrene NPs were used in all experiments (Table [1](#tbl1){ref-type="other"}). The diameter provided by the supplier is used to identify the NP: 93 nm carboxylate-modified (Bang's Laboratories, FC02F), 87 nm amine-modified (Invitrogen, C29029), 200 nm carboxylate-modified (Invitrogen, F8811), 200 nm amine-modified (Invitrogen, F8764), 60 nm carboxylate-modified (Bang's Laboratories, PC02N), and 58 nm amine-modified (Bang's Laboratories, PA02N).

Dynamic Light Scattering and Zeta Potential Measurements {#sec5.2}
--------------------------------------------------------

The hydrodynamic diameter and zeta potential of the NPs was measured with a Malvern Zetasizer (Malvern Instruments, Nano-ZS, Table [1](#tbl1){ref-type="other"}). NPs were measured at the following concentrations: 93 nm carboxylate-modified (37 pM), 87 nm amine-modified (173 pM), 200 nm carboxylate-modified (13 pM), 200 nm amine-modified (15 pM), 60 nm carboxylate-modified (1.4 nM), and 58 nm amine-modified (1.4 nM). NP concentrations were optimized based on the stock NP solution. The 60 nm carboxylate-modified NPs and 58 nm amine-modified NPs were also measured in colorless MEM (Invitrogen, 51200038) and MEM supplemented with either 10 mg mL^--1^ bovine serum albumin (BSA, Fisher, BP1600) or 10% (v/v) fetal bovine serum (FBS, Invitrogen, 10437028). From the UV--Vis spectrum of FBS, using the extinction coefficient of BSA (43,824 M^--1^ cm^--1^), the total protein concentration in 10% (v/v) FBS is approximately 10 mg mL^--1^. Solutions prepared with MEM were diluted by 10% (v/v) for zeta potential measurements to reduce the conductivity. For the 58 nm amine-modified NPs, solutions in MEM supplemented with 10% (v/v) FBS were filtered with a 0.2 μm syringe filter to remove aggregates formed in the presence of protein. Triplicate measurements were acquired for each sample. All experiments were carried out with three samples, and the mean and standard deviation are reported. Hydrodynamic diameter measurements were acquired from 12 runs per measurement. Zeta potential measurements were acquired from 30 runs per measurement. The Smoluchowski approximation was used to calculate zeta potential from electrophoretic mobility.

Gel Electrophoresis {#sec5.3}
-------------------

60 nm carboxylate-modified (14 nM) and 58 nm amine-modified (0.4 nM) NPs were incubated in MEM supplemented with 10 mg mL^--1^ BSA or 10% (v/v) FBS at 4 °C for 10 min and washed four times via centrifugation (16000*g*, 4 °C, 10 min). NP concentrations were optimized based on the solubility and stability of the NPs in solution. Previous studies have demonstrated that four wash steps with centrifugation followed by resuspension in water removes all observable unbound protein from solution.^[@ref37]^ Pellets of protein--NP complexes were resuspended in water after each washing step. After the final wash, the protein--NP complex was resuspended in either buffer containing 6% (w/v) SDS (New England Biolabs, \#B7703S) or water. Samples were diluted with a 4X Laemmli buffer (Boston Bioproducts, BP-110R) and boiled for 5 min before loading onto the gel. Mini-protean gradient gels (Bio-Rad, 456--1094, 4--20%) were used to separate proteins at 40 mA and 100 V along with a 5--225 kDa molecular weight marker (Lonza, 50547). Proteins were stained for 1 h with Simply Blue Safe Stain (Invitrogen, LC6060) and imaged using a Li-Cor Odyssey imaging system.

Cell Culture {#sec5.4}
------------

African green monkey kidney epithelial cells (BS-C-1, ATCC) and Chinese hamster ovary cells (CHO, ATCC) were maintained in a 37 °C, 5% carbon dioxide environment and passaged every 3 days. BS-C-1 cells were cultured in minimum essential medium (MEM, Invitrogen, 61100061) and CHO cells in Ham's F-12 (F-12, Invitrogen, 21700075). Both were supplemented with 10% (v/v) FBS. For all cell experiments, cells were grown in 35 mm glass-bottom dishes (MatTek). For fluorescence imaging experiments, nuclei were stained with 27 μM 4′,6-diamidino-2-phenylindole dilactate (DAPI, Invitrogen, D35671) at 37 °C for 30 min.

Fluorescence Microscopy {#sec5.5}
-----------------------

Cellular binding of NPs was imaged with an epifluorescence microscope (Olympus IX71) using a 1.20 N.A., 60× water immersion objective (Olympus). Fluorescence emission was collected with an EMCCD (Andor, DU-897). Images for comparison were recorded with the same exposure time and gain. Brightness and contrast were set to equal values. ImageJ (<http://rsb.info.nih.gov/ij/>) was used for image analysis and processing.

Competition Assays {#sec5.6}
------------------

Binding competition studies have been described previously.^[@ref37]^ Briefly, BSA was used as a competitor for the serum albumin receptor. Fucoidan (Sigma-Aldrich, F5631) and polyinosinic acid (Sigma-Aldrich, P4154) were used as competitors for scavenger receptors. Polyadenylic acid (Sigma-Aldrich, P9403) was used as a control. The competitor or control molecule was incubated with cells at 4 °C for 20 min in MEM for 93 nm carboxylate-modified NPs or in MEM supplemented with 10 mg mL^--1^ BSA for 87 nm amine-modified NPs. The NPs were then incubated with cells in the presence of the competitor molecule for 10 min. Cells were rinsed twice with phosphate-buffered saline with calcium and magnesium (PBS, Invitrogen, 14040182) to remove unbound NPs, twice with PBS without calcium and magnesium (Invitrogen, 14190250), and incubated in 10 mM ethylenediaminetetraacetic acid (Mallinckrodt, 49310-04) at 37 °C for 30 min to remove the adherent cells from the MatTek dishes. Cells were rinsed twice with Leibovitz's L-15 buffer (Invitrogen, 21083027) via centrifugation at 10000*g* for 10 min, filtered with a 40 μm cell strainer (BD Falcon, 352340), and kept on ice for 1 h prior to analysis with flow cytometry (BD Biosciences, LSR-II). A 488 nm laser was used to excite the NP fluorescence, and fluorescence emission was collected on a 530/30 nm bandpass filter. The mean and standard deviation are reported for each concentration. Scatter plots and fluorescence histograms were analyzed with Weasel 3.0.1 (Walter and Eliza Hall Institute of Medical Research, Victoria, Australia).

Circular Dichroism (CD) Spectroscopy {#sec5.7}
------------------------------------

CD spectra were acquired on an Olis CD spectrophotometer with the sample chamber maintained at 20 °C. Measurements were made using a 0.5 mm path length quartz cell (Starna, 20/O-Q-0.5). The bandwidth was set to 2 nm, and the integration time was a function of the photomultiplier tube voltage. Samples were measured in 10% (v/v) PBS without calcium and magnesium. Buffer alone without protein was used as a blank. BSA (0.098 mg mL^--1^) was measured alone and in the presence of 60 nm carboxylate-modified NPs (0.4 nM), 58 nm amine-modified NPs (0.4 nM), 200 nm carboxylate-modified NPs (13 pM), and 200 nm amine-modified NPs (13 pM). The NP concentration was optimized to reduce scatter and absorbance from the NPs. Samples were incubated for 10 min prior to acquisition. Spectra are an average of 10 consecutive scans. All measurements were repeated in triplicate. Spectra were smoothed with a Savitzy--Golay least-squares fitting (digital filter =13), and the value at 260 nm was set to zero to account for spectral drift. Spectra were acquired in millidegrees and converted to mean residue ellipticity using eq [1](#eq1){ref-type="disp-formula"}.

The mean residue ellipticity in units of degrees cm^2^ dmol^--1^ (\[θ\]) is a function of the observed signal in millidegrees, \[θ\]~obs~, the average molecular weight of the protein (MW), path length in cm (*l*), protein concentration in g L^--1^ (*C*), and the total number of amino acids (*n*). Percent α-helicity was calculated from eq [2](#eq2){ref-type="disp-formula"}.^[@ref96],[@ref97]^The percent α-helix of a protein is a function of the mean residue ellipticity at 208 nm (\[θ\]~MRE~), minus the contribution from the β-form and random coil conformations at 208 nm (4000). The observed value is compared to the mean residue ellipticity of a pure α-helix protein (33000).

Isothermal Titration Calorimetry (ITC) {#sec5.8}
--------------------------------------

ITC measurements were made on a Nano ITC (TA Instruments, low volume) at 25 °C with a constant stirring speed of 250 rpm. For all titrations, 16 3 μL injections were made with a 300 s equilibration time before and after each injection. All solutions were prepared in a 20 mM HEPES buffer (pH 7.4). Titration of BSA (75 μM) alone into HEPES buffer was subtracted injection-by-injection from BSA titrations into NP solutions. The 60 nm carboxylate-modified NPs (5.0 pM) or 58 nm amine-modified NPs (1.4 nM) were loaded into the sample cell. The baseline between peaks was selected manually. Integration of differential power plots as a function of time gave binding curves, and the raw data was fit with the one independent site model using NanoAnalyze (TA Instruments).^[@ref98]^ The first injection was excluded from the fit. Each titration curve was repeated 3--4 times. The mean and standard deviation are reported for all thermodynamic parameters. The theoretical monolayer coverage of BSA molecules per NP was calculated using the assumption that BSA binds end-on to the NP surface with a footprint of 3.3 × 10^12^ BSA molecules per cm^2^.^[@ref22]^

Fluorescence Spectroscopy {#sec5.9}
-------------------------

Fluorescence spectra were acquired on a spectrofluorophotometer (Shimadzu, RF-5301). All solutions were prepared in 10% (v/v) PBS without calcium and magnesium. Samples were excited at 280 nm, and emission was collected between 250 and 500 nm using 5 nm slit widths for both excitation and emission. BSA (9.8 μg mL^--1^) was measured in the presence of nonfluorescent 60 nm carboxylate-modified and 58 nm amine-modified NPs. Working NP concentration ranged from 67 to 533 pM. Experiments were repeated in triplicate, and the mean and standard deviation are plotted for each data point. Corrected spectra are the raw spectra with the NP scatter peak and buffer contribution subtracted out and the initial emission value at 250 nm set to zero. The Stern--Volmer equation was used to calculate the equilibrium constant (eq [3](#eq3){ref-type="disp-formula"}).

The fluorescence intensity ratio of BSA at λ~max~ in the absence (*F*~*o*~) and presence (*F*) of a quencher is calculated and plotted versus the NP quencher concentration (\[NP\]). The slope of the line is equal to the Stern--Volmer equilibrium constant (*K*~SV~, M^--1^). For static quenching, *K*~SV~ is equal to the equilibrium association constant.^[@ref92]^ The first four points were fit linearly to calculate an effective equilibrium constant.

Characterization of protein corona formation, cellular binding studies in CHO cells, CD data for 200 nm NPs, and raw ITC data. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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